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Objective: To compare the energy expenditure of increased lateral trunk lean walking e a suggested
method of reducing medial compartment knee joint load e compared to normal walking in a population
of older adults with medial knee osteoarthritis (OA).
Method: Participants completed two randomly-presented treadmill walking conditions: 15 min of
normal walking or walking with ten degrees of peak lateral trunk lean. Lateral trunk lean angle was
displayed in front of the participant in real-time during treadmill conditions. Energy expenditure (VO2
and METs), heart rate (HR), peak lateral trunk lean angle, knee pain and perceived exertion were
measured and differences between conditions were compared using paired t-tests.
Results: Twelve participants (ﬁve males, mean (standard deviation (SD)) age 64.1 (9.4) years, body mass
index (BMI) 28.3 (4.9) kg/m2) participated. All measures were signiﬁcantly elevated in the lateral trunk
lean condition (P < 0.008), except for knee pain (P ¼ 0.22). Oxygen consumption (VO2) was, on average
9.5% (95% CI 4.2e14.7%) higher, and HR was on average 5.3 beats per minute (95% CI 1.7e9.0 bpm) higher
during increased lateral trunk lean walking.
Conclusion: Increased lateral trunk lean walking on a treadmill resulted in signiﬁcantly higher levels of
steady-state energy expenditure, HR, and perceived exertion, but no difference in knee pain. While
increased lateral trunk lean has been shown to reduce biomechanical measures of joint loading relevant
to OA progression, it should be prescribed with caution given the potential increase in energy expen-
diture experienced when it is employed.
 2013 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
It is estimated that as many as 16% of adults have osteoarthritis
(OA), with annual direct and indirect economic costs in the billions
of dollars1,2. The knee is the most commonly affected weight-
bearing joint by OA. With the economic burden of OA expected to
rise with the ageing population, the development of inexpensive
treatments to slow disease progression is necessary. The role of
excessive knee load in knee OA progression is well-accepted3e5. As: M.A. Hunt, Department of
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s Research Society International. Pmeasuring load directly inside the joint is not feasible in humans,
quantitative gait analysis has become a useful non-invasive tool to
infer dynamic loading.
The most widely studied variable is the external knee adduction
moment (KAM). The KAM has signiﬁcant relationships to key
clinical outcomes such as knee OA severity6, pain7, and risk of
disease progression8, and is a valid9, reliable10, and well-accepted
outcome when assessing OA treatments aiming to reduce joint
load. A number of gait characteristics are signiﬁcantly correlated
with the KAM, including the amount of lateral trunk lean over the
stance limb during walking. Hunt et al.11 showed that 13% of the
variation in the ﬁrst peak of the KAMwas explained by peak lateral
trunk lean in 120 patients with medial compartment knee OA.
Further, trunk lean appears to have a doseeresponse relationship
with the KAM, with greater lateral trunk lean angles resulting in
greater reduction in KAM (ﬁrst peak, second peak, and KAM im-
pulse) in people with knee OA using a within-subjects design12.
Accordingly, there has been interest in examining the effects of
imposed increases in lateral trunk lean during walking. In fact, aublished by Elsevier Ltd. All rights reserved.
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gait modiﬁcation as the most effective method of decreasing the
KAM in people with or without knee OA13. Though the biome-
chanical effects of lateral trunk lean walking are known, and sug-
gest a potentially important treatment option for knee OA,
questions regarding the feasibility of gait modiﬁcation treatments
such as increased lateral trunk lean walking remain.
One potential issue that may limit the feasibility of increased
lateral trunk lean walking in the community is the potential fa-
tigue associated with this modiﬁed walking strategy. If lateral
trunk lean walking requires signiﬁcantly greater energy expen-
diture to perform than normal walking, then the ability to
perform this gait modiﬁcation over the longer term might be
questioned. Indeed, all previous studies examining the biome-
chanical effects of increased lateral trunk lean walking have
employed a single-session design, thus limiting the ability to
assess long-term implications12,14e17. To our knowledge, there
are no published papers on the effect of lateral trunk lean gait
modiﬁcation on energy expenditure, even in a single session, in
individuals with knee OA. However, Caldwell et al.15 assessed the
energy expenditure of gait modiﬁcation strategies including
lateral trunk lean walking in a group of 12 healthy adults and
reported a group mean 11.3% increase in energy expenditure as
measured by indirect calorimetry with an average 18.7 peak
lateral trunk lean. Though these results provide initial evidence
of the physiological effects of lateral trunk lean gait modiﬁcation,
the amount of trunk lean was not controlled, and the effect of
lateral trunk lean walking on energy expenditure has not been
assessed in older adults with knee OA. It is unknown whether
similar increases would be seen, as factors such as knee pain, not
present in healthy individuals, may impact the metabolic cost of
walking in individuals with knee OA18. The effect of other gait
modiﬁcations have been assessed in people with knee OA, with
Jones et al.19 reporting a 50% increase in energy expenditure
during cane walking in 64 people with knee OA. Other studies
have found increases in energy expenditure in people without
knee OA when performing other gait modiﬁcations such as stiff-
knee gait, with energy expenditure increasing by 37% in a sample
of 20 healthy individuals20.
Assessing the energy expenditure of increased lateral trunk lean
walking is important in order to better understand the physiolog-
ical requirements of this particular gait modiﬁcation strategy. Thus,
the purpose of this study was to examine the energy expenditure of
increased lateral trunk leanwalking compared to regular walking in
people with knee OA.
Methods
Participants
Participants 50 years of age and older with knee pain and
radiographic evidence of medial compartment knee OA were
invited to participate using print advertisements and a database of
previous study participants. OA was determined using the Kellgren
and Lawrence (KL) classiﬁcation scale21, with OA deﬁned as the
presence of osteophytes (KL  2). Relevant exclusion criteria
included (1) articular cartilage degradation in the lateral tibiofe-
moral compartment greater than the medial; (2) inﬂammatory
arthritic condition; (3) history of knee replacement surgery; (4)
recent use of corticosteroids (oral or via injection); (5) inability to
ambulate continuously on a treadmill for 30 minwithout a gait aid;
and (6) recent (within 6 months) arthroscopic knee surgery.
Informed consent was obtained from all participants and ethics
approval obtained from the institutional Clinical Research Ethics
Board.Procedures
Participants attended a single testing session where de-
mographic, biomechanical and metabolic data were collected. De-
mographic data included age, height, and body mass. KL grade of
knee OA was determined by two independent raters (JT and MAH)
from postero-anterior standing radiographs taken within the last 6
months. The arthritic knee was considered the study limb. In in-
stances of bilateral disease, the more symptomatic limb was taken
as the study limb. The only published paper investigating energy
requirements with increased lateral trunk lean walking15 found an
effect size of approximately 0.7 across metabolic outcomes in a
sample of young, healthy individuals. However, since previous
studies of gait modiﬁcation in people with knee OA (cane use)
found much higher effect sizes for metabolic demand (effect
size > 2.5), we used a higher effect size estimate of 1.2 for the ex-
pected changes with increased lateral trunk lean walking in those
with knee OA.With 80% statistical power and an alpha level of 0.05,
we required 12 participants for this study22.
Participants were then instructed by a trained assessor in lateral
trunk lean gait modiﬁcation, with a goal of 10 of ipsilateral lateral
trunk lean towards the study limb. Participants were instructed to
lean their trunk towards the study limb cyclically and to reach the
target angle as soon as possible after foot contact. Ten degrees was
chosen as the target lateral trunk lean angle as previous studies
have shown signiﬁcant changes in KAM at this target angle, while
remaining a feasible and attainable amount of lateral trunk
lean12,23. Participants were allowed to practice the gait modiﬁca-
tion on a 10 m walkway prior to the treadmill testing sessions. A
mirror placed in front of the participant was used to provide visual
feedback of performance during training. When they felt
comfortablewith the newgait pattern andwere able to ambulate at
their natural gait speed, participants were given a 5 min warm-up
on the treadmill, where they were encouraged to walk with and
without the new gait modiﬁcation. Their self-selected treadmill
walking speed for the lateral trunk lean was used for both condi-
tions and was determined by incrementally increasing the tread-
mill speed until the participant felt the speed represented their
comfortable walking pace while walking with the increased lateral
trunk lean.
Resting heart rate (HR) was taken as the lowest HR recorded
during quiet, seated rest over a period of 5 min using a wireless HR
monitor (Polar, Lachine, QC), prior to the start of the training pro-
tocol. Participants then completed two, 15-min bouts of treadmill
walking at their pre-determined self-selected treadmill walking
speed. The order of the two conditions (normal walking or 10 of
lateral trunk lean) was randomized prior to testing. Adequate rest
was provided between conditions and the second condition was
not started until the following two conditions were met: (1) a re-
turn to resting HR (within ﬁve beats per minute (bpm)), and (2) the
participant deemed themselves ready to begin walking again.
Kinematic data were collected during treadmill walking using
ten high-speed digital cameras (Raptor-E; Motion Analysis Corpo-
ration, Santa Rosa, CA) sampling at 120 Hz. Passive reﬂective
markers were placed bilaterally on participants according to a
modiﬁed Helen Hayes marker set24. Additional markers were
placed over the medial femoral epicondyles and medial malleoli
during an initial static standing trial to determine marker orien-
tation and joint centre locations, and were removed before walking
trials. Lateral trunk lean angle e deﬁned as the angle between the
vertical and a line through the midpoints of the anterior superior
iliac spines and acromion processes, was calculated from kinematic
data in real-time using commercial software (Biofeedtrak; Motion
Analysis Corporation, Santa Rosa, CA). The amount of trunk lean
was displayed as a continuous line on-screen in front of the
Fig. 2. Participant completing treadmill walking during the increased lateral trunk
lean walking condition. Lateral trunk lean angle was displayed in real-time on the
screen.
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depicting 10 of lateral trunk lean was marked on-screen, and
participants were instructed to reach that target with each footstep
as soon as possible after heel strike [Fig. 1]. Fifteen seconds of ki-
nematic data were collected every 5 min e at 5, 10, and 15 min of
treadmill walking. Peak values of lateral trunk lean were identiﬁed
for the ﬁrst ten consecutive foot strikes during each 15-s data
collection sample.
Metabolic data were collected using a metabolic cart (TrueOne
2,400; ParvoMedics, Sandy, UT) where energy expenditure was
measured by collection of expired gases during the treadmill
walking bouts [Fig. 2]. The cart was calibrated before, and veriﬁed
immediately after, each test as per manufacturer guidelines. Oxy-
gen consumption (VO2, in ml/kg/min) and HR (bpm) were averaged
over 30-s epochs for the duration of treadmill walking, and re-
ported values were averaged over the last 10 min of the 15-
min bout for each treadmill condition to capture steady-state
VO2. Finally, metabolic equivalents (METs) were calculated as a
functional measure of energy expenditure. One MET is deﬁned as
an energy expenditure of 3.5 ml O2/kg/min. The energy cost of
physical activities is commonly reported in MET scores, where
walking at an average pace (0.9e1.1 m/s) ranges from 2.5 to 3
METs25.
During treadmill walking, pain and effort were assessed at the
same 5-min intervals as the kinematic data collection. Knee joint
pain was assessed using a visual 11-point numeric rating scale
(0 ¼ ‘no pain’, 10 ¼ ‘worst pain possible’), where participants were
asked to identify the number that best represented the pain felt in
their study knee. Physical exertion was measured using the Borg
Rating of Perceived Exertion (RPE) Scale, a measure examining
one’s perceived effort during physical activity26. Participants were
asked to indicate their level of perceived physical exertion on the
scale from 6 (‘none’), to 20 (‘maximal’) and were instructed not to
speak during the treadmill walking sessions, as this can affect their
level of measured energy expenditure. Instead, participants were
familiarized with the two scales in a visual format prior to treadmill
walking and were instructed to point to the value that best repre-
sented their pain or physical exertion when prompted during
testing.Fig. 1. Screen display of real-time biofeedback of lateral trunk lean angle. The partic-
ipant was instructed to reach the green line (signiﬁes 10 of lateral trunk lean) during
each stance phase. Their current lateral trunk leanwas marked by the slim black line in
real-time.Statistical analysis
Since values for each metabolic outcome reached steady-state
after approximately 5 min [see Figs. 3 and 4], the mean value for
each variable over the last 10 min of treadmill walking were
calculated for each condition. Speciﬁcally, mean values of VO2, HR,
and METs were obtained from each 30-s recorded epoch between
ﬁve and 15 min, peak lateral trunk lean angle was calculated as the
mean of the thirty stance phases processed (ten consecutive cycles
at the ﬁve, ten, and 15 min marks), and knee pain and RPE values
were averaged from those obtained at the ﬁve, ten, and 15 min
marks during each condition.
Data were ﬁrst assessed to determine if assumptions for hy-
pothesis testing were met. Normal distribution of data was
assessed using histograms and the skewness statistic, where data
were considered normally distributed if the skewness statistic was
between1.0 and 1.0. Homogeneity of variance was assessed using
Levene’s test, where P < 0.05 is considered signiﬁcant, meaning a
departure from homoscedasticity. Differences between the two
conditions (normal walking and 10 lateral trunk lean walking)
were assessed using paired t-tests. In order to correct for multipleFig. 3. Mean (95% CI) VO2 (ml/kg/min) in normal walking and increased lateral trunk
lean walking conditions over time (n ¼ 11). VO2 was signiﬁcantly higher during lateral
trunk lean walking (P ¼ 0.005). e Normal walking, e Lateral trunk lean
walking.
Fig. 4. Mean (95% CI) HR (bpm) during normal walking and increased lateral trunk
lean walking conditions over time (n ¼ 12). HR was signiﬁcantly higher during lateral
trunk lean walking (P ¼ 0.008). e Normal walking, e Lateral trunk lean
walking.
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number of comparisons made, was used. Thus, results were
considered signiﬁcant if P < 0.01. Data were analyzed using the
Statistical Package for the Social Sciences (SPSS) v 21.0.Results
Twelve participants (ﬁve males, mean (SD) age 64.1 (9.4) years,
BMI 28.3 (4.9) kg/m2) were recruited to participate (see Table I).
Five participants exhibited mild signs of radiographic knee OA (KL
2), ﬁve participants exhibited moderate signs of OA (KL 3), and two
participants exhibited severe OA (KL 4). All data were considered
normally distributed and met the conditions for hypothesis testing.
Due to equipment issues during data collection, VO2 and METs data
were not collected for one participant, resulting in data for these
two outcomes only being analyzed for 11 individuals.
Overall, participants reached signiﬁcantly different peak lateral
trunk lean angles during the normal (mean (SD) ¼ 2.4 (3.2)) and
lateral trunk lean (mean (SD) ¼ 8.1 (1.8)) treadmill walking con-
ditions (P < 0.001). Individual outcome values for both walking
conditions are shown in Table II. Oxygen consumption was signif-
icantly higher during increased lateral trunk lean walking
(P ¼ 0.005) with an average increase in VO2 of 9.0% (mean differ-
ence 1.0 ml/kg/min; 95% CI 0.3e1.5 ml/kg/min) over normal gait
(Table III). Changes in VO2 [Fig. 3] and HR [Fig. 4] over the fullTable I
Descriptive characteristics of study participants. Uni e unilateral knee OA; Bi e
bilateral knee OA; KL grade e Kellgren and Lawrence knee OA severity
Participant Age (years) Gender BMI (kg/m2) Uni/Bi OA KL grade
1 70 F 26.7 Uni 2
2 65 F 38.6 Bi 4
3 82 M 25.3 Uni 3
4 52 F 28.7 Bi 3
5 57 F 17.2 Bi 2
6 67 F 25.1 Uni 2
7 57 M 29.3 Bi 2
8 50 F 31.2 Bi 3
9 66 F 29.9 Bi 3
10 61 M 29.5 Bi 2
11 75 M 28.3 Uni 4
12 70 M 30.0 Bi 315 min of treadmill walking in each condition are plotted, showing
a consistent difference in metabolic demand between conditions
once steady-state was reached. HR and METs were also both
signiﬁcantly elevated with increased lateral trunk lean walking
(P < 0.01), with an average increase in HR of 5.3 bpm (95% CI 1.7e
9.0 bpm) and 0.3 METs (95% CI 0.1e0.5 METs) (Table III and Fig. 4).
Finally, participants reported signiﬁcantly increased perceived
exertion when walking with increased lateral trunk lean (mean
difference ¼ 1.4, 95% CI 0.7e2.1, P ¼ 0.001), but there was no dif-
ference in knee pain between the two conditions (P ¼ 0.22).
Discussion
This study investigated the energy expenditure of lateral trunk
lean gait modiﬁcation in older adults with knee OA and showed
that increased lateral trunk lean walking on a treadmill was asso-
ciated with a signiﬁcantly higher energy cost. There was a
concomitant increase in participant reported perceived physical
exertion when walking with increased lateral trunk lean, suggest-
ing that increased lateral trunk leanwalking is associated with both
objective and subjective increases in energy expenditure in this
patient population.
Energy expenditure was signiﬁcantly higher when ambulating
with increased lateral trunk lean. Lateral trunk lean walking
showed an average increase in steady-state VO2 of 1.0ml/kg/min, or
9.0% higher than during normal walking. This is similar to the 11.3%
increase in energy expenditure found by Caldwell et al.15 in healthy,
young adults attempting lateral trunk lean walking. The small dif-
ference in energy expenditure values between studies suggests that
higher energy requirements are consistently exhibited with
increased lateral trunk lean walking regardless of study method-
ology. For example, Caldwell et al.15 sampled healthy young adults
(mean age ¼ 21 years) and instructed them to walk with a mod-
erate, non-standardized amount of lean, which resulted in an
average peak trunk lean of 18.7 e almost twice the lean prescribed
in the current study. Further, energy expenditure was measured in
kJ/min, as compared to the body mass normalized values (ml/kg/
min) reported in this study.
The increase in energy expenditure in our study during the 10
lateral trunk lean walking trials was true for all participants, with
the exception of one individual. This particular participant pre-
sented with a greater than average amount of lateral trunk lean
when asked to walk naturally (4.1), and thus may have found that
increasing lateral trunk lean was not difﬁcult. Indeed, the partici-
pant indicated that he felt increased lateral trunk lean walking
represented the same level of effort as normal walking (RPE ¼ 11/
20) and resulted in slightly lower pain during lateral trunk lean
walking (pain reduced by 1/10). For all other participants, lateral
trunk lean walking resulted in higher energy expenditure than
normal walking. Surprisingly, this ﬁnding was evident even in the
one individual (Participant #12) who walked with less lateral trunk
lean in the modiﬁed condition (10.0), compared to the self-
selected condition (10.4). This particular ﬁnding highlights the
increased energy demand when requiring someone to achieve a
modiﬁcation to one’s gait pattern
Other gait modiﬁcations, such as stiff-knee gait, have been
shown to result in a 37% increase in energy expenditure in healthy
individuals20, while gait aids such as the use of canes increase
energy expenditure by approximately 50% in those with knee
OA19,27. Additionally, Caldwell et al.15 investigated the metabolic
costs of other gait modiﬁcations such as toe-out walking and a
medial shift of the foot (‘walking with the knees closer together’),
and showed that toe-out walking required the least amount of
energy compared to the other gait modiﬁcations. Similar increases
in HR to the 5.9% increase in this study have been reported with
Table II
Mean (SD) values for primary outcomes for each individual. Values are averages over the ﬁnal 10 min of each walking condition. VO2 e oxygen consumption
Normal Trunk lean
Participant Trunk lean () VO2 (ml/kg/min) METs HR (bpm) Trunk lean () VO2 (ml/kg/min) METs HR (bpm)
1 0.3 (0.1) 11.3 (0.1) 3.2 (0.3) 97.5 (0.2) 7.6 (0.8) 13.2 (0.3) 3.8 (0.2) 106.9 (1.3)
2 5.4 (0.9) 7.1 (0.1) 2.0 (0.1) 87.7 (0.8) 12.5 (1.7) 7.4 (0.01) 2.1 (0.2) 89.9 (0.01)
3 1.9 (0.7) 15.5 (0.1) 4.5 (0.3) 112.0 (0.04) 8.1 (0.7) 16.1 (0.2) 4.6 (0.2) 112.1 (0.1)
4 2.1 (0.4) 10.3 (0.2) 3.0 (0.2) 82.3 (2.0) 7.9 (1.2) 10.7 (0.01) 3.1 (0.2) 84.6 (1.2)
5 0.8 (0.4) 14.7 (0.4) 4.2 (0.2) 85.9 (0.1) 7.9 (0.2) 17.1 (0.4) 4.9 (0.2) 99.1 (2.2)
6 1.0 (2.4) 11.9 (0.7) 3.4 (0.4) 87.2 (2.5) 6.4 (1.2) 13.4 (0.1) 3.8 (0.2) 95.4 (0.01)
7 0.0 (0.5) 12.4 (0.1) 3.6 (0.4) 92.2 (0.04) 6.4 (0.8) 12.8 (0.1) 3.6 (0.2) 94.3 (0.3)
8 2.3 (0.7) N/A N/A 101.9 (2.8) 8.0 (1.5) N/A N/A 102.3 (1.1)
9 0.5 (0.3) 10.0 (0.2) 2.8 (0.1) 109.7 (1.0) 8.6 (0.2) 11.3 (0.04) 3.2 (0.1) 126.4 (3.6)
10 0.2 (0.2) 11.7 (0.6) 3.3 (0.2) 85.7 (0.1) 7.0 (1.2) 12.2 (0.9) 3.5 (0.3) 94.3 (0.2)
11 4.1 (0.5) 11.3 (0.2) 3.2 (0.3) 86.9 (0.4) 7.1 (0.3) 10.7 (0.01) 3.1 (0.4) 87.6 (1.4)
12 10.4 (0.8) 10.9 (0.1) 3.1 (0.2) 78.0 (1.0) 10.0 (0.7) 12.2 (0.3) 3.5 (0.2) 78.1 (0.2)
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normal walking observed in the present study was similar to a
previous study of energy expenditure during walking in people
with knee OA. Mangione et al.28 showed energy expenditure during
treadmill walking at self-selected gait speed was 11.1 ml/kg/min,
similar to the value of 10.7 ml/kg/min seen in this study. The sim-
ilarity in effort used for walking by those with knee OA highlights
the validity of the control condition.
METs were calculated in this study in order to provide an index
of the intensity of increased lateral trunk lean compared to normal
walking. One MET is considered the reference value, which repre-
sents quiet lying down25,29. The participants in this study expen-
ded, on average, 3.2 METs during normal walking and 3.5 METs
during walking with increased lateral trunk lean. The mean METs
expended during the normal walking condition (3.2), are equiva-
lent to that for walking at 1.1 m/s on a level, ﬁrm surface, or when
walking a dog29. The 0.3 increase in METs when walking with
increased lateral trunk lean is equivalent to increasing walking
speed by 0.5 m/s or when increasing the mass of an object to be
carried above 11 kg while walking at 1.1 m/s, as estimated by the
Compendium of Physical Activities for adults29. Physical activity
requiring three METs and less is classiﬁed as “light intensity”,
whereas 3e6METs is considered “moderate intensity”29. Therefore,
normal walking and increased lateral trunk lean walking would be
classiﬁed as different intensities of physical activity; this is
consistent with the VO2 and perceived physical exertion outcomes
observed in the present study. Over time, the increased energy cost
of lateral trunk leanwalking would result in a considerable amount
of extra effort, and possibly fatigue, limiting an individual’s abilityTable III
Difference in outcome measures between normal walking and lateral trunk lean
walking. Mean (SD) values depicting the ﬁnal 10 min of walking for each condition,
difference between condition means with 95% conﬁdence intervals, and P-values are
provided. Signiﬁcant differences are considered if P < 0.01 and are indicated by an *.
Normal Trunk lean Difference
(95% CI)
P-value
Primary outcomes
VO2 (ml/kg/min) 11.5 (2.3) 12.5 (2.6) 1.0 (0.3e1.5) 0.005*
METs 3.2 (0.7) 3.5 (0.7) 0.3 (0.1e0.5) 0.002*
HR (bpm) 92.2 (10.8) 97.6 (13.1) 5.3 (1.7e9.0) 0.008*
Explanatory measures
Trunk lean angle () 2.4 (3.2) 8.1 (1.8) 5.8 (4.1e7.4) <0.001*
Knee pain (0e10) 1.8 (1.8) 2.2 (2.1) 0.3 (0.2e0.9) 0.22
RPE (6e20) 9.8 (1.9) 11.3 (2.1) 1.4 (0.7e2.1) 0.001*to complete important activities of daily living. Importantly, it may
question the feasibility of an individual with knee OA to maintain
this particular gait modiﬁcation for an extended period of time,
thus negating the known beneﬁts to knee biomechanics13.
Participants did not report any signiﬁcant change in knee pain
during increased lateral trunk lean walking when compared to
normal walking. This is similar to the previous studies of lateral
trunk lean walking in knee OA that also report an absence of acute
symptomatic changes12,14,16. In particular, Simic et al.12 found no
difference in pain between natural gait and increasing degrees of
lateral trunk lean (6e12 attempted) in 22 individuals with knee
OA. It is possible that changes in pain are more evident only when
gait modiﬁcations are performed for longer periods of time. Shull
et al.30 found signiﬁcant reductions in knee pain with 6 weeks of
gait modiﬁcation training (toe-in gait). Similarly, studies of cane use
over time19,27 have highlighted a reduction in effort needed to use
the cane during walking after 60 days of practice, following an
initial increase in VO2 and HR. In our study there was a small but
signiﬁcant increase in RPE (1.4 points) when participants attempted
lateral trunk lean walking. While consistent with the differences in
greater metabolic cost recorded with the increased lateral trunk
lean, it is possible that a difference in objective or subjective
exertion could be attenuated with further practice of the increased
lateral trunk lean walking, similar to studies of cane use31. This
improvement could be due to mechanical efﬁciency (greater dis-
tance that they can walk) or reduced pain, and suggests that gait
modiﬁcations, such as increased lateral trunk lean, if employed
over time, may result in reduced energy expenditure, even after an
initial increase in energy expenditure. Further research is required
to test this claim.
Previous studies have described some degree of difﬁculty in
learning the correct method for lateral trunk lean walking14. Spe-
ciﬁcally, participants learning increased lateral trunk lean walking
in another study14 required dedicated time to practice the gait
modiﬁcation (7e22min per person) and reportedmild tomoderate
difﬁculty (3e6 out of 10) in performing the gait modiﬁcation. Even
so, participants were able to perform the increased lateral trunk
lean walking with minimal error (1 discrepancy on average be-
tween target and performance). Participants in our study were
given time to practice lateral trunk lean walking prior to perfor-
mance on the treadmill in order to reduce the learning effect during
the study, and participants practiced until they were able to walk at
their natural speed and felt comfortable to commence. When asked
to walk with a natural gait, our participants with knee OA walked
with a trunk lean angle of 2.4 on average. It has been shown
previously that individuals with knee OA often choose to adopt a
trunk lean angle greater than zero12,14,16,32, with other studies
J. Takacs et al. / Osteoarthritis and Cartilage 22 (2014) 203e209208citing similar mean values of trunk lean in the population. For
instance, Bechard et al.16 assessed natural lateral trunk lean during
gait in 20 individuals with knee OA and found the mean amount of
lateral trunk lean to be 2.0. The 2.4 of lateral trunk lean seen in
the current study when participants were asked to walk normally
was considerably less than the 10 that participants were asked to
target during the gait modiﬁcation trials. Participants walked with
an average trunk lean of 8.1 when asked to target ten degrees of
trunk lean, a value signiﬁcantly different from the normal walking
condition (P < 0.001). Further, this amount of trunk lean has pre-
viously been shown to result in a 15% reduction in the KAM im-
pulse, a clinically meaningful change in knee joint loading12.
There are some limitations to the current study. The instructions
given for the normal walking condition were to walk naturally; it
was not required that participants maintain 0 of lean. This was
done in order to ensure the normal walking condition was the
participant’s natural gait and that an additional modiﬁcation to
their gait (i.e., “not leaning”) was not inadvertently provided. It is
possible that differences in energy expenditure would be even
greater if there was a full 10 of difference between the normal and
increased lateral trunk lean walking conditions; however, the
opposite may also be true if increased energy was required to
decrease lateral trunk lean to 0. Participants were instructed to
walk at their normal walking pace while on the treadmill. However,
this speed (mean (SD) 0.93 (0.25) m/s) was considerably slower
than the natural walking speed recorded for these participants
during a bout of overground walking along a 10 m walkway
measuring walking speed with motion analysis (mean (SD) 1.24
(0.20) m/s). It is possible that participants reduced their speed on
the treadmill because of the extra effort required in learning a new
gait modiﬁcation. That said, the speed during the control condition
of normal walking was the same as the speed during the increased
lateral trunk lean walking condition. Thus, differences in energy
expenditure cannot be attributed to differences in speed, but any
reduction in generalizability of our ﬁndings due to this must be
acknowledged. Differences have been noted between treadmill and
overground walking33, and this limits the generalizability beyond
treadmill walking. Further, our participants were unfamiliar with
this particular gait modiﬁcation prior to participating in this study.
The limitations of a single session of gait modiﬁcation need to be
recognized. For example, the current study design precluded a full
understanding of energy expenditure with prolonged lateral trunk
leanwalking. Therefore, longitudinal data is required to provide the
most appropriate treatment recommendations regarding lateral
trunk lean walking for knee OA. Finally, the model used to deﬁne
lateral trunk lean angle (using anterior superior iliac spines and
acromion processes), may be subject to some inaccuracy due to
movement of the shoulder girdle. However, exact performance of a
10 lateral trunk lean was not an absolute requirement to form
conclusions of this study, but was chosen to guide the participants
and to ensure different walking performance.We are conﬁdent that
the observed differences in energy expenditure reﬂect the differ-
ences in gait patterns.
In summary, this study compared the energy expenditure of
normal walking with increased lateral trunk lean walking on a
treadmill in individuals with knee OA. Lateral trunk lean walking
resulted in considerably higher levels of steady-state VO2, METs,
HR, and RPE, but no difference in knee pain. While increased lateral
trunk lean has been shown to reduce the KAM and, as such, is
considered a viable gait modiﬁcation from a biomechanical
perspective, it should be prescribed with caution given the signif-
icant increase in energy expenditure necessary to use it. This in-
crease in expenditure may lead to levels of fatigue that reduce the
ability of individuals with knee OA to complete activities of daily
living or maintain the gait modiﬁcation over the longer term.Author contributions
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